Objective: To investigate default mode network (DMN) functional connectivity MRI (fcMRI) in a large cross-sectional cohort of subjects from families harboring pathogenic presenilin-1 (PSEN1), presenilin-2 (PSEN2), and amyloid precursor protein (APP) mutations participating in the Dominantly Inherited Alzheimer Network.
neural networks. [5] [6] [7] Of particular relevance to AD is a set of cortical regions collectively known as the default mode network (DMN). 4, [8] [9] [10] [11] Intact functional connectivity within the DMN at rest, as well as the ability to modulate DMN activity during memory encoding and retrieval tasks, is thought to be critical for successful memory function. 12, 13 The DMN includes the posterior cingulate, lateral parietal, and medial frontal cortices. The neocortical regions of the DMN are preferential (but not exclusive) sites for amyloid-b (Ab) deposition in early AD. 14 Studies in sporadic late-onset AD (LOAD) have demonstrated decreases in DMN fcMRI. 2, 4 Similar changes are also seen in prodromal and preclinical AD, as evidenced by decreased DMN fcMRI in subjects with mild cognitive impairment (MCI) who progress to AD, 11 asymptomatic APOE e4 carriers, [15] [16] [17] and Ab biomarker-positive older individuals. [18] [19] [20] Together, these findings have prompted the development of DMN connectivity as a noninvasive biomarker for detection of early synaptic dysfunction in AD and for tracking potential therapeutic response in clinical trials. Despite being well studied in the symptomatic stages of LOAD, 2, 4 alterations in DMN fcMRI have been largely unstudied in cases of familial autosomal dominant AD (ADAD).
In the present report, we examine changes in DMN fcMRI across the continuum of impairment in a large cohort of subjects drawn from 8 international sites within the Dominantly Inherited Alzheimer Network (DIAN). 21, 22 This cohort of subjects presents a rare opportunity to examine fcMRI across the spectrum of AD in a young group of subjects carrying highly penetrant ADAD mutations. Taking advantage of the relatively conserved age of dementia onset within each family, [23] [24] [25] we also model changes in DMN connectivity regarding each subject's estimated years from expected symptom onset (eYO) in their families to generate a temporal pattern for altered DMN fcMRI in ADAD.
METHODS Participants, standard protocol approvals, registrations, and participant consents. Persons with firstdegree relatives known to carry ADAD mutations in presenilin-1 (PSEN1), presenilin-2 (PSEN2), or amyloid precursor protein (APP) were recruited into the DIAN study (www.dian-info.org; NIA-U19-AG032438, Clinical Trial Identifier NCT00869817) irrespective of ADAD mutation status. All subjects provided informed consent in accordance with the local institutional review boards of each participating site. A detailed protocol for the DIAN study has previously been published, and is available in the supplementary data of reference 22.
Cross-sectional clinical and imaging data from 120 people from 61 families, including 83 carriers of ADAD mutations (PSEN1: 68; PSEN2: 5; APP: 10) collected at 8 DIAN sites were analyzed. Comparisons were made to a control group of 37 asymptomatic, mutation-negative subjects from the same families. Four mutationnegative individuals with Clinical Dementia Rating (CDR) $0.5 were not included because of their low number and ambiguity regarding their underlying diagnosis. The remaining 120 subjects were classified into 4 groups on the basis of mutation and CDR status (table 1) : asymptomatic mutation-negative participants (CDR 0M2), asymptomatic mutation carriers (CDR 0M1), early symptomatic mutation carriers (CDR 0.5M1), and mutation carriers with clinical dementia (CDR 1-2M1). Only baseline data available in the DIAN database as of February 2012 were included in this study.
Clinical evaluation. Participants underwent an extensive evaluation, including physical examination, cognitive testing, and CDR, in which a score of 0 indicates no dementia, 0.5 indicates questionable or very early dementia, and 1, 2, and 3 correspond to mild, moderate, and severe dementia, respectively. DIAN investigators were blinded to participant mutation status in asymptomatic individuals and received no confirmation of genetic status in symptomatic individuals. Outside of medical necessity, no research data (including genetic status) were provided to participants as part of the DIAN study. Participants wishing to know their mutation status were offered freeof-charge genetic counseling, separate from the conduct of the study. Using semistructured interviews with cognitively intact family members, each participant's eYO was computed as the subject's age minus the age at which the subject's parent or sibling first showed symptoms of progressive cognitive decline 22 (familial age at onset). In cases in which multiple first-degree relatives were available to calculate familial age at onset, an average value was used. Accordingly, negative eYO values indicate participants younger than the age at which his/ her parent or sibling(s) developed the first signs of progressive cognitive decline.
Genetic analysis. DNA was extracted from blood samples sent to the DIAN Genetics Core (DGC) at Washington University and the National Cell Repository for Alzheimer's Disease (NCRAD). For quality control purposes, sequencing for DIAN mutations and APOE genotyping (using rs7412 and rs429358 as markers) and DNA fingerprinting was performed by DGC personnel in parallel on DNA samples extracted by DGC and NCRAD. Only subjects with concordant data for DGC and NCRAD extractions were included in the analysis.
Imaging methods. Data acquisition. Participants underwent
eyes-open resting-state fMRI using a 12-channel phased-array head coil. Earplugs and noise-reduction headphones were used to attenuate scanner noise, and head motion was minimized with foam padding. Only data from Siemens Trio TIM 3T (109 sessions) or Verio 3T (11 sessions) scanners (Siemens Medical Solutions, Erlangen, Germany) were used in this report. Trio TIM Data were acquired using a gradient-echo echo-planar pulse sequence sensitive to blood oxygen level-dependent contrast using the following parameters: repetition time 5 2,200 milliseconds; echo time 5 30 milliseconds; fractional anisotropy 5 80°; 64 3 64 matrix; 3.125 3 3.125 mm in-plane resolution with 3.3 mm slice thickness, with equivalent parameters used on the Verio. Thirty-six interleaved axial slices covered a field of view of 119 mm. Images were acquired in a single run of 120 time points, lasting approximately 5 minutes.
Preprocessing. Using SPM8 (http://www.fil.ion.ucl.ac.uk/spm/; version r4290) each run was slice-time corrected, realigned to the first volume of each run with INRIAlign, 26, 27 normalized to the Montreal Neurological Institute (MNI) ICMB152 EPI template, and smoothed with a 6-mm full width at half maximum Gaussian kernel. Realignment parameters were used to calculate the mean movement across the resting-state MRI, which was then used to screen out sessions with excessive movement using a threshold set at 0.15 mm/repetition time. 28 This resulted in the exclusion of 14 subjects (8 CDR 0M2, 4 CDR 0M1, 1 CDR 0.5M1, and 1 CDR 1-2M1), leaving a total of 120 subjects.
Functional connectivity analysis. Group spatiotemporal independent component analysis (ICA) was performed using the GIFT toolbox (http://mialab.mrn.org/software/gift/;v1.3h) for MATLAB. The SPM gray matter template with a probability threshold of 0.30 was used to mask out extra gray matter voxels. First-pass principal component analysis using 40 components per session was followed by use of the Infomax algorithm to generate 20 independent components. The GICA3 algorithm 29 was used to back-construct spatial component maps and time courses for each subject. A goodness-of-fit approach 4 was used to quantitatively identify the component that most accurately matched a DMN template created from an independent set of young subjects using 10-mm spherical precuneus/posterior cingulate (PPC) (MNI coordinates: 0, 253, 26) seed-based maps. Similar fcMRI analysis of the motor network was performed to determine whether fcMRI was universally altered across networks in mutation carriers.
Statistical analyses. Given the lack of a sufficient group of individuals who were CDR .0M2 to assess for a classic interaction between CDR and mutation status, we ran 3 separate general linear models (GLMs). The first GLM was a simple 1-way analysis of variance (ANOVA) across the 4 groups described above (CDR 0M2; CDR 0M1; CDR 0.5M1; CDR .0.5M1). The second GLM was an analysis of covariance modeled as eYO 3 mutation, which allowed for the assessment of an interaction between the eYO variable and the presence of an ADAD mutation. As a final check, we performed this second analysis while controlling for CDR to evaluate the additional explanatory contribution of the model beyond what could be explained by CDR status alone.
Importantly, we also investigated the influence of family membership, performance site, APOE, and nonlinear terms for eYO, as well as the appropriateness of the eYO construct relative to the inclusion of both age and familial age at onset as separate regressors (see supplemental data on the Neurology ® Web site at www. neurology.org). We found no contribution of family membership (modeled as a random effect), APOE, sex, and nonlinear eYO terms to the models. Additionally, we visualized the relationship between eYO and PPC fcMRI using local regression (LOESS) to facilitate comparison with earlier reports from DIAN (figure e-1).
Lastly, we evaluated whether performance site was a substantial contributor to the observed findings (see e-Methods, table e-1). Given the similarity of results when site was included or excluded in the model, we did not include site as a covariate in the primary analyses (in keeping with prior reports from DIAN in which site was not used as a covariate 22 ). Backward elimination was used to evaluate the utility of additional model terms and resulted in the following final model: connectivity 5 eYO 1 mutation 1 (eYO 3 mutation), which was used for the analyses presented below.
RESULTS
Demographics. As expected, asymptomatic mutation carriers were significantly younger on average than symptomatic mutation carriers and further from their expected age of symptom onset (see table 1). In our cohort, asymptomatic non-mutation carriers were modestly but significantly older than asymptomatic mutation carriers (p 5 0.033). No significant differences in APOE e4 carrier status were observed across groups. Modest but statistically significant differences in Mini-Mental State Examination scores between CDR 0M2 and CDR 0M1 groups were observed.
ICA analysis of task-free fMRI data. ICA analysis including all subjects who were M1 and M2 revealed a single, easily identifiable DMN, including the PPC cortices, medial prefrontal cortex (mPFC), lateral parietal regions (left lateral parietal cortex [LPC] and right lateral parietal cortex [RPC]), lateral temporal regions, and bilateral medial temporal regions (medial temporal lobe; figure 1). Although not examined in detail, several previously described neural networks appeared in our ICA analysis. Among these, the motor network was analyzed to determine whether general changes in fcMRI in mutation carriers were present. No significant changes in motor network fcMRI were seen at p , 0.005 (not shown), arguing against universally decreased fcMRI in mutation carriers.
ANOVA comparing DMN fcMRI across groups. One-way ANOVA across groups defined by mutation and clinical status demonstrated decreased functional connectivity within much of the DMN in ADAD mutation carriers compared with noncarriers (figure 2, A-E, and figure 3A ). Decreased connectivity was most apparent within the major posterior node of the DMN (PPC; F 3,116 5 14.72, p , 0.001; figure 2, A and B), along with significantly decreased connectivity in the anterior node of the DMN (mPFC; F 3,116 5 10.10, p , 0.001; figure 2 , A and C). Significant differences were also observed in the lateral parietal cortices (RPC: F 3,116 5 10.09, p , 0.001; LPC: F 3,116 5 11.92, p , 0.001) as well as numerous other peaks within the DMN (table e-2).
Post hoc comparison of CDR 0M2 with CDR 0.5M1 and CDR 1-2M1 demonstrated that DMN functional connectivity was decreased in the PPC, mPFC, LPC, and RPC in symptomatic mutation carriers as compared with asymptomatic non-mutation carriers (figure 2, A-E). Post hoc comparison of asymptomatic mutation carriers with noncarriers (i.e., CDR 0M1 with CDR 0M2 groups) yielded significantly decreased functional connectivity in the PPC (t 79 5 2.51; p 5 0.014; figure 2, A and B) and RPC (t 79 5 3.28; p 5 0.0016; figure 2, A and E), but these effects were relatively modest in size.
Post hoc comparisons demonstrated decreases in functional connectivity with advancing CDR in the PPC (CDR 0M1 vs CDR 0.5M1, t 66 5 3.88; p , 0.001; CDR 0M1 vs CDR 1-2M1, t 57 5 4.04; p , 0.001), mPFC (CDR 0M1 vs CDR 0.5M1, t 66 5 3.94; p , 0.001; CDR 0M1 vs CDR 1-2M1, t 57 5 4.49; p , 0.001), and RPC (CDR 0M1 vs CDR 0.5M1, t 66 5 1.06; p 5 0.295; CDR 0M1 vs CDR 1-2M1, t 57 5 2.47; p 5 0.016) nodes of the DMN. A more complex pattern was seen in the LPC, where asymptomatic mutation carriers showed very similar levels of connectivity compared with asymptomatic noncarriers (CDR 0M1 vs CDR 0M2, t 79 5 0.05; p 5 0.96), but decreases in connectivity were seen at higher CDRs (CDR 0M2 vs CDR 0.5M1, t 66 5 4.50; p , 0.001; CDR 0M2 vs CDR 1-2M1, t 57 5 3.80; p , 0.001).
Decreased connectivity as a function of proximity to familial age at symptom onset. We next focused on examining the rate and pattern of degraded connectivity within the DMN by plotting changing DMN fcMRI against eYO. The strongest effect was seen in the PPC where we observed a significant interaction between mutation carrier status and eYO (t 116 5 3.86, p 5 0.017), with a significant negative correlation between fcMRI and eYO in mutation carriers (r 5 20.59, t 81 5 26.64; p , 0.001), but no significant relationship observed in noncarriers (r 5 20.11, t 35 5 0.06; p 5 0.95; figure 3 and table 2). The relationship between eYO and fcMRI in mutation carriers remained significant after controlling for CDR status (PPC: r 5 20.412, t 79 5 22.39; p 5 0.010). Similar patterns were observed in the mPFC, LPC, and RPC (figure 3, table 2) . DISCUSSION In the present study, we observed alterations in DMN connectivity in both symptomatic and asymptomatic carriers of pathogenic mutations in PSEN1, PSEN2, and APP. Connectivity within the DMN is decreased in symptomatic carriers of ADAD mutations and this decrease is greater in magnitude in more advanced disease. DMN fcMRI differs in asymptomatic mutation carriers as compared with noncarriers, with subtle decreases in DMN connectivity observable before symptom onset. A negatively sloped, mutation status-dependent decrease in DMN fcMRI is observed as mutation carriers approach and surpass their expected age of symptom onset, even when controlling for CDR. Although further study is needed to assess the test-retest reliability of fcMRI and to compare its performance with other biomarkers in early AD, these results suggest that DMN fcMRI may prove useful as a noninvasive biomarker for tracking disease progression in the preclinical 30, 31 and early clinical phases of ADAD. Additionally, these data demonstrate the feasibility of performing multicenter clinical trials using resting-state fcMRI, and support the inclusion of fcMRI as an exploratory outcome measure in upcoming AD prevention trials. 21, 31 Our study benefits from the unique strengths of the large DIAN cohort. Specifically, the relative youth of these subjects (as compared with the older populations studied in LOAD) allowed us to decrease the influence of "normal" age-related decreases in DMN functional connectivity, 3, 32 allowing for the clearer interpretation of decreasing DMN connectivity related to progression of AD rather than age. This is especially true as mutation noncarriers in our cohort were members of the same families as mutation carriers, lessening the possibility that polygenic variation outside of PSEN1, PSEN2, and APP are contributing to decreased DMN connectivity. However, the present study is limited in its ability to assess mutation-specific effects, given that our results are largely based on individuals carrying PSEN1 mutations. Notably, the observation of decreased fcMRI before symptom onset is consistent with CSF-based biochemical markers in both ADAD 22, 33 and in LOAD, 34 where both CSF Ab and tau abnormalities are manifest years before the onset of clinical symptoms. While the present study focuses on an initial description of fcMRI in ADAD and its potential use as a biomarker in clinical trials, additional studies are under way to examine connectivity changes in other networks and subnetworks, to place changes in fcMRI in temporal relation with respect to other biomarkers (especially CSF tau, Ab, and PET amyloid imaging) and to compare the variability in fcMRI measures with that seen with other biomarker measures in this unique cohort. Finally, follow-up reports on longitudinal changes in fcMRI in this cohort are needed to more robustly evaluate the nature of DMN dysfunction with disease progression.
Modeling of DMN connectivity as a function of eYO benefits from the extremely high penetrance of ADAD mutations, despite the approximate nature of the eYO measure. The relative certainty that mutation carriers (regardless of cognitive status at the time of enrollment) will develop AD contrasts with similar studies in LOAD, where progression to AD dementia in MCI populations is quite variable 35 and it is possible that subjects with MCI will develop other types of dementia. In this context, the high penetrance of ADAD mutations allows us to more confidently model changes in connectivity across the entire disease spectrum in a manner that is considerably more difficult in nonlongitudinal studies of LOAD, given the uncertainty surrounding when and if sporadic subjects with MCI will develop AD. The early decreases in DMN fcMRI in ADAD generally accord well with prior fcMRI studies in LOAD, 2, 4 in asymptomatic older individuals with biomarker evidence of Ab deposition, 19, 20, 36 and in asymptomatic APOE e4 carriers. 15, 16, 18 Additionally, the presence of observable changes in DMN fcMRI before symptom onset fits well with recent evidence that young, asymptomatic ADAD mutation carriers show changes in memory-task fMRI years before their estimated age of symptom onset. 37 Although we did not directly compare ADAD with LOAD in our study, a subsequent analysis with the objective of comparing network disruption in ADAD and LOAD is presently in preparation by our colleagues at Washington University. 38 That analysis includes fcMRI data from a subset of the DIAN subjects presented in this report, and uses a different analytic method to generate "seed-based" fcMRI network composite scores to compare ADAD subjects with a large LOAD cohort from Washington University. In contrast, we used ICA to identify whole-brain network maps of the DMN followed by region-of-interest analyses. By using this regional analytic approach, we were able to detect subtle regionally specific alterations in the DMN in presymptomatic mutation carriers. The ability to identify regionally specific changes in the DMN that occur early in the course of AD may be an important consideration for interpretation of data from upcoming secondary prevention clinical trials that plan to use DMN fcMRI as a secondary endpoint.
Lastly, our findings of decreased connectivity within specific regions of the DMN associated with increasing proximity to eYO and advancing CDR raise the intriguing question of how selective the pathobiologic process of AD is for the DMN, especially early in the course of the disease. Recent studies have elegantly demonstrated that other neurodegenerative diseases have distinctive patterns with which they affect distributed neural networks. 39 The present findings of regional changes in DMN fcMRI early in ADAD, coupled with studies demonstrating that DMN is an early site for amyloid deposition 14, 36 and metabolic dysregulation in LOAD, 14, 40 suggest that specific regions within the DMN may be early, preferential targets of the AD pathophysiologic process. Multimodality imaging studies in ADAD, where AD pathology is relatively disentangled from the effects of advanced age and identification of those in the earliest stages of AD is more straightforward, may help us to understand the consequences of AD pathology on intrinsic functional networks and elucidate the neural basis for the complex cognitive and behavioral domains so adversely affected in AD.
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